Recent advances in all-optical evaluation of nonlinear cracks are reviewed. In experiments, the nonlinear acoustic waves are initiated by the absorption of radiation from a pair of laser beams intensity-modulated at two different frequencies. The detection of the acoustic waves at mixed frequencies, absent in the frequency spectrum of the laser intensity, is achieved by optical interferometry or deflectometry. The high contrast in crack imaging achieved by remote optical monitoring of the nonlinear acoustic processes is due to the strong dependence of the optoacoustic conversion efficiency on the state of the crack. The highest acoustic nonlinearity is observed in the transitional state of the crack, which is intermediate between the open and the closed ones. Several crack parameters can be estimated from the measurements of the dependence of the acoustic spectrum on the pump laser intensity. One-dimensional theory of the nonlinear frequency-mixing photo-acoustic crack imaging is presented. The theory relates experimental observation of the large number of mixed frequencies to strong bi-modular nonlinearity of the crack. The theory provides guidelines for the understanding of the dependence of the spatial resolution of this technique on the laser power and on the choice of a particular mixed-frequency component for the crack imaging.
EXPERIMENTAL SET-UPS
In experiments on all-optical nonlinear frequency-mixing diagnostics of cracks the nonlinear acoustic waves are initiated by the absorption of radiation either from a pair of laser beams (Fig. 1 ) or a single laser beam (Fig. 2 ) intensity-modulated at two different frequencies and , with >> 1,2 . A part of laser radiation, which is modulated at low frequency (few Hz), induces thermo-elastic stresses that are initiating the relative motion of the crack faces, i.e., crack breathing. Another part of laser radiation, modulated at high frequency (tens of kHz), serves for the generation of the acoustic waves incident on the crack, which are probing crack breathing. The detection of the acoustic waves at mixed frequencies n (n is an integer number), which are absent in the frequency spectrum of the laser intensity, is achieved by optical interferometry or deflectometry (Fig. 2). 2 FIGURE 1. Schematic illustration of the physical principle of all-optical nonlinear frequency-mixing diagnostics of a crack. Breathing of a crack induced by the absorption of laser radiation intensity-modulated at low frequency g (orange beam) is probed by the acoustic waves generated by the laser radiation (left green beam) intensity-modulated at high frequency .
Nonlinear acoustic process of parametric modulation leads to the excitation of multiple side-lobe frequencies n ( n is an integer number), which are absent in the spectrum of the laser intensity modulation. Optical detection of these spectral components by the probe laser (right green beam) provides information on the parameters of the crack.
FIGURE 2.
Schema of the experimental setup where both the breathing of the crack and the generation of the acoustic waves for probing crack motion are induced by the absorption of the radiation from a single laser with double modulation of its intensity. The detection of the nonlinear frequency components of the acoustic spectrum is achieved by beam deflection technique.
BASIC EXPERIMENTAL OBSERVATIONS
The highest amplitudes of the frequency-mixed spectral side-lobes are usually observed when both pump laser beams, i.e., intensity-modulated at low and high frequencies, are co-focused on the same part of the crack (Fig. 3  (a) ). In this case the detected frequency spectrum contains multiple side-lobes ( Fig. 3 (d) ).
1,2 When the pump laser beams are co-focused on the sample surface far away of the crack the nonlinear side-lobes in the detected acoustic field are absent (Fig. 3 (c) ). Thus, by moving either the pump lasers focus or the sample (Fig. 3 (a) ) the crack localization (imaging) can be achieved.
1,2 The contrast in imaging and crack localization is much higher when the nonlinear frequency side-lobes are detected in comparison with the use for the imaging of the fundamental frequency, as it is illustrated in Fig. 3 (b) . The high contrast in crack imaging achieved by remote optical monitoring of the nonlinear acoustic processes is due to the strong dependence of the optoacoustic conversion efficiency on the state, open or close, of the crack. In the experimental set-up with double intensity-modulated single pump laser beam presented in Fig. 2 odd frequency sidelobes ) 1 2 ( n are present in the spectrum of the laser intensity modulation and in the acoustic field detected when the pump laser radiation is focused even far away of the crack (Fig. 4 (a) ). That is why the high-contrast imaging should be performed in this case through the detection of the even sidelobes ) 1 ( 2 n in the acoustic spectrum, which are excited only when the pump laser radiation is focused in the vicinity of the crack (Fig. 4 (b) ). Experimental realization of the two-dimensional scanning system provides twodimensional high-contrast nonlinear frequency-mixed images of the crack. The imaging contrast can be improved through the optimal choice of the intensity of the pump laser beam, which is modulated at low frequency and causes crack breathing as well as by optimizing total average heating of the crack. In fact, the highest acoustic nonlinearity of the crack is observed in the transitional state of the crack, which is intermediate between the open and the close ones, 1,2 and this state can be approached by the optimal choice of the parameters of the pump laser radiation. Qualitatively speaking the pump radiation should induce crack motion,
